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Abstract: In this study, bulk samples of multiferroic with compositional formula, BiFeO3 and 
Bi0.825A0.175FeO3 (A = La, Pb), were synthesized by solid state reaction route. X-ray diffraction (XRD) 
along with the Rietveld refinement revealed the distorted rhombohedral (R3c) structure for pristine 
BiFeO3 and Bi0.825La0.175FeO3 and tetragonal (P4/mmm) for Bi0.825Pb0.175FeO3 ceramic. To support the 
structural results, bond length between atoms for both of the compounds was calculated. A change in 
Raman mode position in BiFeO3 (BFO) has been observed with La and Pb substitution from Raman 
scattering measurements and also recommended a structural change with rare earth and metal ion 
substitution at Bi site. From the frequency dependent dielectric constant and dielectric loss plots, a 
decrease in dielectric values with increase in frequency was observed for both of the samples. For 
microelectronic devices, porous ceramics with lower value of dielectric constant are most useful. Thus, 
further studies are also needed to carefully tune the magnetoelectric properties and structural 
distortion after La/Pb substitution in BFO.  
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1    Introduction 
Multifunctional BiFeO3 (BFO) materials have placed 
their importance in multifunctional devices, spintronics, 
and magnetic memory devices [1,2]. BFO has a 
rhombohedrally distorted perovskite structure (space 
group R3c) with high Curie temperature (TC  1100 K) 
and antiferromagnetic Néel temperature (TN = 675 K) 
with a spatially modulated spiral spin structure [3–5]. 
The literature witnesses that the A-site substitution   
in BFO has been suggested as the most effective    
way to reduce the impurity phases and enhance 
magnetoelectric coupling constant by creating the 
lattice strain due to the ionic size mismatch between 
hosts and substituting cations [6–10]. Besides this, a 
structural phase evolution along with improved 
ferroelectric and ferromagnetic properties is noticed.  
Recently, the rare earth (La) doped BiFeO3 as 
Bi0.7La0.3FeO3 witnesses a structural phase transition 
(rhombohedralorthorhombic) with enhanced 
magnetoelectric interaction [11]. The rare earth (Nd) 
doped BFO as Bi1xNdxFeO3 (x = 0.05–0.15) also 
documents structural evolution but from rhombohedral 
to triclinic structure. The magneto–electric coupling is 
also shown in Bi1xNdxFeO3 near the Néel temperature 
(TN = 653 K). However, higher Nd doping (x = 
0.175–0.2) shows a pseudotetragonal structure [12]. 
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The structural phase transition is sensitive to synthesis 
process as rapid liquid phase sintering method. A 
rhombohedral to monoclinic structure for Bi1xNdxFeO3 
(x = 0–0.15) is thus noticed [13,14]. 
The rare earth (Gd) doped Bi1xGdxFeO3 shows 
structural phase transition for x = 0.1 (R3cPn21a) and 
for 0.2  x  0.3 (Pn21aPnma) with improved 
multiferroic property of BiFeO3 [15]. At the same time, 
another author found that the origin of the improved 
magnetic and electrical properties is attributed to a 
possible suppression of the inhomogeneous magnetic 
spin structure and/or broken periodicity of the spin 
cycloid of BFO due to smaller crystallite size and a 
decrease of the oxygen vacancies, and explained that 
the rise in DC electrical resistivity with Gd doping in 
BFO is due to a variable range hopping conduction 
mechanism [16]. It is also noted that the room 
temperature X-ray diffraction patterns document both 
rhombohedral and triclinic structures of Bi1xPrxFeO3 
(0 ≤ x ≤ 0.15). With an increase in Pr content, the 
dielectric constant increases whereas the dielectric loss 
decreases [17]. Furthermore, the magnetic ordering is 
enhanced with the effective magnetic moment of the 
Dy ion concentration in Bi0.8Dy0.2xLaxFeO3 [18].  
Ho substitution in BFO reduces the leakage current 
and enhances the ferroelectric switching characteristic 
while mitigating the stereochemical activity of Bi lone 
pairs [19]. The reduction in the concentration of 
charged defects, dielectric loss, or lowering of leakage 
current achieved by virtue of La doping in BFO are 
also documented [20,21]. A ferromagnetic behaviour 
of nanocrystalline Sm doped BFO samples even at 
room temperature has been observed which is absent in 
pristine samples, and a few orders of magnitude 
increase in resistivity are also observed in Sm     
doped samples. In addition, it has documented a giant 
change in the magnetodielectric properties of      
Sm doped samples which plays an important role     
in the enhancement of multiferroic properties of 
nanocrystalline Sm doped BFO [22].  
It is thus appropriate to choose rare earth ion with a 
small ionic radius and a high magnetic moment to 
substitute Bi3+ ion equivalently to improve the 
multiferroic properties of BiFeO3. These improved 
properties obtained by rare earth doping demonstrate 
the possibility of enhancing the multiferroic 
applicability of BFO. On the other hand, with similar 
electronic structure, especially the lone pair electrons, 
Pb substitution for Bi is expected to modify the 
magnetic and ferroelectric properties. Further, the 
difference in the charge and ionic radii of Bi3+ and Pb2+ 
can also direct to topological changes in the oxygen 
octahedra. One recent study on Pb substitution 
reported a structural phase transition reducing the 
rhombohedral distortion and progressively breaking 
the ferroelectric order [23]. 
The literature thus witnesses that rare earth elements 
can improve the ferroelectric and magnetic properties 
of BFO, but no systematic effort has been made to 
study the structural, vibrational, and dielectric 
properties of bulk La and Pb doped BiFeO3 ceramics. 
With these motivations, we have investigated and 
compared the crystallographic structure and dielectric 
properties of pristine BiFeO3 with rare earth (La) 
doped BiFeO3 ceramics. In order to understand the role 
of the R3c to P4/mmm structural transition and its 
associated changes in the vibrational and dielectric 
behaviour, we have studied the structural, Raman, and 
dielectric properties of Pb doped BiFeO3 ceramics. The 
BiFeO3 and Bi0.825A0.175FeO3 (A = La, Pb) ceramics 
were prepared by solid state reaction route. 
Characterizations as X-ray diffraction and Raman 
scattering measurements revealed a consistency of 
structural properties in La and Pb doped BiFeO3. A 
detailed structural analysis using the Rietveld 
refinement method and dielectric properties have been 
reported. 
2    Experimental details 
The polycrystalline samples with the compositions 
BiFeO3 and Bi0.825A0.175FeO3 (A = La, Pb) were 
prepared by conventional solid state reaction route 
[24,25]. The starting materials, Bi2O3, Fe2O3, La2O3, 
and PbO, were weighed, mixed, and grounded 
thoroughly in an agate mortar and calcined for 6 h at 
650 ℃ for the desired composition. All the calcined 
compositions were uniaxially dye-pressed into pellets 
with size of 10 mm in diameter and 2 mm in thickness. 
Sintering was performed at 820 ℃ for 3 h with 
intermediate grinding. BiFeO3 and Bi0.825A0.175FeO3 
(A = La, Pb) were further characterized for structural 
and electrical properties. Details of the experimental 
characterization were reported elsewhere [26–29].  
The crystal structure and type of phases were 
identified by means of X-ray powder diffraction 
(XRPD) at room temperature, using Bruker D8 
Advance X-ray diffractometer with Cu K1 radiation 
(1.5406 Å) generated at 40 kV and 40 mA power 
settings. The data were collected at a scanning speed of 
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2 (°)/min with a step size of 0.02 over the angular 
range 20 < 2 < 80. The Raman measurements on 
synthesized samples were carried out on 
LABRAM-HR spectrometer with a 488 nm excitation 
source equipped with a Peltier cooled charge coupled 
device detector. Frequency dependent dielectric 
measurements were carried out using an impedance 
analyzer (Model - Novocontrol tech Germany, alpha 
ATB) which spans over a wide range of frequency 
(10 Hz–1 MHz). For dielectric measurements, sintered 
pellets were polished with zero grain emery paper, and 
coated with silver paste on adjacent faces as electrodes 
to make the parallel plate capacitor geometry 
3    Results and discussion 
3. 1    X‐ray diffraction   
The X-ray diffraction (XRD) patterns of BiFeO3 and 
Bi0.825A0.175FeO3 (A = La, Pb) ceramic samples are 
illustrated in Fig. 1. The synthesized ceramic samples 
are further designated as BFO for BiFeO3, BPFO for 
Bi0.875Pb0.175FeO3, and BLFO for Bi0.825La0.175FeO3. 
From the observed XRD patterns, it has been found 
that the samples exhibit different crystal structures. 
The XRD pattern of pristine BFO is indexed in the 
rhombohedral crystal system (space group R3c). In 
BLFO sample, a minor low-intensity impurity peak is 
detected around 2 ≈ 27.60 associated with Bi25FeO39 
(shown as # in Fig. 1) [24]. The occurrence of 
Bi25FeO39 secondary phase peaks is generally observed 
in parent BFO due to the kinetics of phase formation 
and the high volatility of Bi2O3. The diffraction peaks 
change in both intensity and 2 value with different 
doping as a result of change in crystal structure. 
Pristine BiFeO3 possesses rhombohedral structure with 
space group R3c and matches well with earlier 
published reports [19–29].  
We may refer to an earlier report on BLFO with a 
substitutional induced structural phase transition 
(R3cC222) [30]. The XRD pattern of BLFO sample 
is indexed in rhombohedral (R3c) system with lattice 
parameters a = b = 5.560(4) Å and c = 13.759(3) Å. It 
reveals that the addition of La does not affect the 
rhombohedral structure of BiFeO3. Besides, a small 
shift of the peaks in the lower angle is observed for 
BLFO relative to BFO. The reflection conditions 
derived from indexed reflection for BLFO cell are l = 
2n for hhl, k = 2n for hkh, h = 2n for hkk, h = 2n for h00, 
k = 2n for 0k0, and l = 2n for 00l which are compatible 
with R3c. Deduced results on BLFO are consistent 
with the earlier reported work [17].  
On Pb doping, the BiFeO3 with rhombohedral 
structure shows a change to tetragonal (space group 
P4/mmm) as shown in Fig. 1 in the 2θ range of 
31°–33°. The two peaks (104) and (110) merged into a 
single peak at 2θ = 32° in the XRD pattern of BPFO 
reveal that it possesses a tetragonal structure with 
space group P4/mmm, and a proper coincidence has 
been found (ICDD) with the pattern powder diffraction 
format (PDF) No.79-2263. It is clear from the enlarged 
XRD pattern in the 2θ range of 31°–33° in Fig. 1 that 
there is a shift of the maximum intense peak with the 
addition of Pb that corresponds to the BFO phase 
toward lower angles. So (110) peak corresponds to 
tetragonal phase of BPFO sample. This means that the 
addition of the Pb content has led to a structural 
distortion in the BFO phase [22]. 
Rietveld refined XRD data plots are shown in Fig. 2. 









Fig. 1  XRD patterns of the BiFeO3 and Bi0.825A0.175FeO3 









Fig. 2  Rietveld refined XRD patterns of the BiFeO3 and 
Bi0.825A0.175FeO3 (A = La, Pb) samples. Pink hollow circles 
represent observed intensity (Yobs), blue solid lines 
represent calculated intensity (Ycalc), green solid lines show 
the difference in observed and calculated intensities 
(YobsYcalc), and peak positions of different phases are 
shown at the base line as small ticks ( | ). 
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transformation with a continual change of structural 
parameters in the samples with very small 
rhombohedral distortion. In the tetragonal (space group 
P4/mmm) frame of reference, the obtained lattice 
parameters are a = 3.9534(4) Å, b = 3.9534(4) Å, and 
c = 3.9590(4) Å for BPFO. We end up by stating that 
La doping does not show any change in rhombohedral 
BiFeO3, while Pb doping allows rhombohedral      
BiFeO3 to tetragonal Bi0.825Pb0.175FeO3 structure. The 
calculated parameters of parent as well as doped 
samples after refinement are listed in Table 1. We have 
illustrated structural parameters for all samples and 
also identify the residuals for weighted pattern Rwp, the 
expected weighted profile factor Rexp, and goodness of 
fit χ2. 
The stability of perovskite compound based on 
ABO3 formula is often discussed in reference to 
Goldschmidt’s tolerance factor t. The tolerance factor 






Ax R xR Rt
R R
              (1) 
Here, RBi, RA, RFe, and RO are the effective ionic radii 
of Bi, A, Fe, and O ions, respectively. Based on 
effective ionic radius values, the tolerance factor t for 
BFO, BLFO, and BPFO is 0.888, 0.879, and 0.891, 
respectively. It is known that tolerance factor t is unity 
for an ideal perovskite cubic structure. Deduced values 
of t closer to unity infer the stable perovskite phase of 
BLFO and BPFO. 
The crystal structures of Bi0.825A0.175FeO3 (A = La, 
Pb) samples generated using FullPROF studio program 
are documented in Fig. 3. It is discerned that BFO 
possesses a rhombohedrally distorted perovskite with 
space group R3c. This structure can be derived from 
the rotations of the oxygen octahedra around [111]c 
direction relative to the parent cubic cell and 







Table 1  Rietveld refined structural parameters of the BFO, Bi0.825A0.175FeO3 (A = La, Pb) samples simulated based on 
the measured XRD patterns 
Structure Parameter Atom x y z R factor (%) 
BiFeO3 
a = 5.5798(3) Å Bi 0 0 0.2788 RBragg = 3.85 
b = 5.5798(3) Å Fe 0 0 0 Rp = 10.2 
c = 13.867(4) Å O 0.5985 0.7250 0.5714 Rwp = 14.6 
V = 373.81(2) Å3     2 = 3.76 
R3c 
Deviance = 0.920E+04     GoF = 1.9 
Bi0.825La0.175FeO3 
a = 5.5604(4) Å Bi/La 0 0 0.2724 RBragg = 4.89 
b = 5.5604(4) Å Fe 0 0 0 Rp = 5.36 
c = 13.7596(3) Å O 0.6679 0.7647 0.5489 Rwp = 7.15 
V = 368.43(2) Å3     2 = 2.91 
R3c 
Deviance = 0.883E+04    GoF = 1.7 
Bi0.825Pb0.175FeO3 
a = 3.9534(4) Å Bi/Pb 0 0 0 RBragg = 10.0 
b = 3.9534(4) Å Fe 0.5000 0.5000 0.5000 Rp = 61.0 
c = 3.9590(4) Å O1 0.5000 0.5000 0 Rwp = 34.8 
V = 61.876(2) Å3 O2 0.5000 0 0.5000 2 = 3.24 
P4/mmm 
Deviance = 0.889E+04    GoF = 1.16 
Fig. 3  Schematic representations of the crystal structures expected for Bi0.825A0.175FeO3 (A = La, Pb) compounds with different 
substituting element: (a) rhombohedral perovskite R3c structure (representation is based on the refined atomic positions obtained 
for Bi0.825La0.175FeO3 sample); (b) tetragonal structure P4/mmm space group (representation is based on the refined atomic 
positions obtained for Bi0.825Pb0.175FeO3 sample). 
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same [111]c direction. Owing to the lone pair effect, 
the Fe3+ ions are in distorted oxygen octahedra, while 
the Bi3+ ions in the dodecahedral positions are strongly 
shifted from the central position towards one of the 
Fe3+ ions [32,33].  
It is now well established that, ferroic order and 
spontaneous polarization in BFO mainly result from 
the Bi3+ stereochemical 6s2 lone pair electrons. Thus, it 
is expected that, doping of rare earth and metal ion   
will distort the cation spacing between the oxygen 
octahedra and alter the long range ferroelectric   
order. The ferroelectric properties have a close relation 
with the Fe–O bond length. The interatomic bond 
lengths with standard deviation of both samples   
were calculated by using Bond_Str program and    
are tabulated in Table 2. In BLFO compound     
with rhombohedral (R3c) crystal structure, the 
octahedra bond environment is composed of three    
long degenerate Fe–O bond lengths and three short 
degenerate Fe–O bond lengths. On the other hand,   
the FeO6 octahedron gets distorted due to Pb 
substitution, resulting change in bond lengths as 
illustrated in Table 2. 
3. 2    Raman scattering measurements 
Figure 4 illustrates the Raman scattering spectra of 
BFO, BLFO, and BPFO samples with excitation 
wavelength of 488 nm at room temperature. For 
rhombohedral structure with space group R3c, the 
group theory reveals 13 Raman active modes 
(ΓRaman, R3c = 4A1 + 9E) and 5A2 as Raman inactive 
modes [34,35]. The selection rule for the Raman active 
modes for tetragonal structure in polarization 
configurations with total number of normal Raman 
modes is Raman = 4A1 + B1 + 4E [36,37]. The A1 modes 
are associated with Fe ions and E modes are associated 
with Bi ions. The dependence of mode positions on 
BFO, BLFO, and BPFO samples are shown in Table 3. 
In BFO, all phonon modes are polar, which means 
that they are oblique when measured in arbitrary 
directions. The only possibility of simple comparison 
would be possible with oriented single crystal in 
special geometries. Otherwise, it is very difficult to 
compare spectra of different samples and even of the 
same sample in different positions (ceramics, 
polycrystals) or orientations (single crystals). We have 
found that the first three strong peaks at 126, 167, and 
217 cm1 manifest A1-1, A1-2, and A1-3 modes 
respectively, even though A1-4 at 425 cm1 is 
completely decomposed in parent BFO. Moreover, rest 
of the obtained modes at 259, 280, 327, 365, 490, and 
597 cm1 are assigned as E-3, E-4, E-5, E-6, E-7, and 
E-9, respectively [13,14]. 
In the present study, ten Raman active phonon 
modes of BLFO sample including A1-1, A1-2, A1-4, E-1, 
E-4, E-6, E-7, E-8, and E-9 modes at 135.95, 174.52, 
434.14, 67.44, 273.93, 373.35, 475.53, 527.78, and 
Table 2  Important bond lengths of BFO and 
Bi0.825A0.175FeO3 (A = La, Pb) samples 
































Fig. 4  Room temperature Raman spectra for BiFeO3 and 
Bi0.825A0.175FeO3 (A = La, Pb) samples. 
Raman shift (cm1)  
Table 3  Raman modes for BiFeO3, Bi0.825A0.175FeO3 
(A = La, Pb) samples, and the bulk BiFeO3 (Kothari et 
al. [38])                               (Unit: cm-1) 
Raman mode BFO bulk [38] BFO BLFO BPFO
A1-1 135.15 126 135 127 
A1-2 167.08 167 174 159 
A1-3 218.11 217 — — 
A1-4 430.95 — 434 429 
E-1 71.39 — 68 63 
E-2 98.36 — — — 
E-3 255.38 259 — 218 
E-4 283.0 280 274 281 
E-5 321.47 327 — 330 
E-6 351.55 365 373 369 
E-7 467.60 490 476 506 
E-8 526.22 — 528 556 
E-9 598.84 597 628 646 
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627.47 cm1 match well with earlier reported bulk 
BFO sample [38]. The ferroelectricity of BFO 
generally originates from the stereochemical activity of 
the Bi3+ 6s2 lone pair electrons that are mainly 
responsible for the change in both Bi–O covalent 
bonds. The six characteristic modes, i.e., E-1, A1-1, 
A1-2, A1-3, A1-4, and E-2 are believed to be responsible 
for the ferroelectric nature of the bismuth ferrite 
samples.  
As evident from the XRD, the crystal symmetry 
varies from rhombohedral (BLFO) to tetragonal 
(BPFO) structure. These changes in crystal structure 
are attributed to the A-site disorder created by (La and 
Pb) substitution, which leads to the shifting of Raman 
modes with sudden disappearance of some modes. The 
normal modes related to the Bi–O covalent bonds (i.e., 
E-1, A1-1, A1-2, A1-3, and E-2 modes) shift gradually 
towards higher frequencies and are attributed to    
the substitution of (mass) La (138.90 g) ion for Bi 
(208.98 g) ion in the BiFeO3, while the same modes 
shift towards lower frequencies for relatively equal 
atomic mass of Pb (207.2 g) ion for Bi (208.98 g) ion 
in the BiFeO3. Henceforth, shifting depends on the 
atomic mass of the dopants. 
3. 3    Dielectric measurements 
At room temperature, the frequency dependence of 
dielectric constant (ε) and dielectric loss (tan ) of 
BLFO and BPFO ceramics are illustrated in Fig. 5, and 
ε and tan of BFO ceramics are shown in the insets of 
Fig. 5. For both doped samples, ε gradually decreases 
with increasing frequency at low frequencies and 
remains fairly constant at higher frequencies. The low 
frequency dispersion can be attributed to Maxwell–     
Wagner type interfacial polarization. These dipoles 
may arise due to charge defects ( 3BiV
 , 2OV
 ) and 
localized charges [39]. Similar trend has earlier been 
reported in Dy3+, Sm3+, and La3+ doped BFO ceramics 
[30,40–42] and Ho doped YmnO3 [43]. The 
corresponding values of ε at 100 Hz for the BFO, 
BLFO, and BPFO ceramics are about 135, 21, and 42, 
respectively. At higher frequencies, charge dipoles do 
not have adequate time to follow the applied field and 
undergo relaxation.  




 , and Fe2+) are able to follow the applied electric 
field, resulting in increased ε and tan values. The 
weak dependence of ε and tan on frequency along 
with the generally low tan values is seen for BLFO 
and BPFO at higher frequencies. We may comment 
that electrons/domains rather than dipoles of the 
charged defects mainly contribute to the characteristics 
of ε and tan for higher frequency region. For BLFO, 
this low frequency dispersion and the value of tan are 
reduced exhibiting reduced conductivity. 
4    Conclusions 
In summary, polycrystalline samples of BiFeO3 and 
Bi0.825A0.175FeO3 (A = La, Pb) were successfully 
prepared by solid state reaction route. The motivation 
was to probe possible structural change and a 
comparison of rare earth and metal ion doping in 
pristine BiFeO3. X-ray powder diffraction and Raman 
scattering measurements were used to probe the 
structural changes, if any. The XRD data of as 
prepared samples were fitted with Rietveld refinement 
using FullPROF program. BFO and BLFO (La doped 
BiFeO3) crystallized in rhombohedral structure (R3c), 
whereas BPFO (Pb doped BiFeO3) showed tetragonal 
structure (P4/mmm).  
The change in the crystal symmetry was also 
confirmed by Raman scattering measurements. The 
ferroelectricity of BFO generally originates from the 
stereochemical activity of the Bi3+ 6s2 lone pair 
electrons that are mainly responsible for the change in 
both Bi–O covalent bonds. The six characteristic 
modes, i.e., E-1, A1-1, A1-2, A1-3, A1-4, and E-2 are 
believed to be responsible for the ferroelectric nature 
of the bismuth ferrite samples. The change in crystal 
structure was attributed to the A-site disorder created 





Fig. 5  Room temperature dielectric constant and 
dielectric loss for Bi0.825A0.175FeO3 (A = La, Pb) samples. 
Insets show the dielectric constant and loss for BiFeO3. 
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the shifting of Raman modes with sudden 
disappearance of some modes. From the frequency 
dependent dielectric constant and dielectric loss plots, 
a decrease in dielectric values with increase in 
frequency is observed for both La and Pb doped 
samples and can be understand by Maxwell–Wagner 
type interfacial polarization. BPFO documents larger 
dielectric constant as compared to BLFO at all 
frequencies. Porous ceramics with lower value of 
dielectric constant are most useful for microelectronics. 
Further studies are still needed to carefully 
complement the magnetic and electric properties after 
La/Pb substitution in BFO. 
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